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ABSTRACT
Continuing development of a pressure transducer system
for liquid metal applications is described. During the
report period, fabrication and assembly of the test
pressure capsules (C-129Y, FS-85, T-222 and W-25Re
alloy_ were completed and the deflection tests uti-
lizing an optical measurement technique were concluded.
A preliminary design has been developed for a complete
transducer instrument incorporating a thermionic diode
sensor. Tests are in progress to evaluate the metal-
ceramic joining techniques planned for use in the
transducer design. A complete set of single convolu-
tion pressure capsules and electrical terminals has
been prepared. These test units are being charged
with liquid potassium. Construction has started on
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C-129Y Double Convolution, 0.002 inch
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The objective of this program is to develop pressure
transducer equipment compatible with advanced closed
cycle power systems. These systems utilize liquid
metals such as mercury_ sodium, potassium and other
alkali metals as working and heat transfer media at
elevated temperatures. Accurate pressure measure-
ments in the high temperature liquid, vapor_ and
two phase streams are required for research, design
and control purposes. In addition, space flight
requires lightweight systems capable of enduring
long periods of unattended operation.
Liquid metal pressure measurements at elevated tem-
peratures pose many design problems demanding the
best from available materials. To establish a firm
design base for the transducer equipment, four mate-
rials and two transducer systems have been chosen
for evaluation. The selected material and trans-
duction system will be developed for use as either
ground or flight hardware.
-i-
2.0 Summar y
Fabrication and assembly of the test pressure capsules
(C-129Y, FS-85, T-222 and W-25Re alloys) were completed
and the deflection tests utilizing an optical measure-
ment technique were concluded. The test results are
presented along with a discussion of the test procedures
employed.
The test procedures for the pressure capsules were
designed to determine
1. the transducer pressure-deflection calibration at
temperatures from room temperature to 1800°F,
2. the influence of 200 percent overpressure at 1800°F
on full scale deflection and zero repeatability,
3. the repeatability at 100 percent applied pressure
and 1800°F, and
4. the influence of the deflection magnitude on repro-
ducibility.
For this work some pressure cycling and overpressuring
were done before the final test for repeatability at
1800°F for each test capsule. However, the pressure
cycling was intentionally limited so that the influence
-2-
of pressure cycling could be observed. The temperature-
deflection tests show that the pressure capsules had
not been completely stabilized prior to test. Future
testing will be performed only after a more extended
pressure cycling test program.
The best performance was obtained with the W-25Re cap-
sule using 0.002 inch full scale deflection. After
six hours at 100 percent pressure and 1800°F, the full
scale deflection had changed by +3.9 percent, the zero
had moved +2.3 percent, and upon repressurizing, the
full scale deflection increase repeated at +4.2 per-
cent.
Tests were continued on the thermionic diode sensor
employing 0.001 inch active collector travel. Out-
put current-travel characteristics were obtained with
maximum deviations from linearity of 1.5 percent full
scale.
The thermionic diode sensor was selected for the final
design and incorporated in a preliminary arrangement
for a complete transducer instrument. A pressure-
temperature lift test is in progress on a sample
-3-
metal-ceramic seal planned for use in the transducer
design. Present test parameters for the metal-ceramic
seal are 1000 psia and 1800°F. No electrical or mechan-
ical failure has been noticed during the hours of test.
A complete set of single convolution pressure capsules
and electrical terminals has been prepared for the
potassium compatibility test program. The test units
are being charged with liquid potassium. Design and




During the report period, fabrication and assembly of
the test pressure capsules were completed and the
deflection tests utilizing an optical measurement
technique were concluded.
Analysis of the high temperature data with limited pres-
sure and temperature cycling yields the following results.
i. Capsule hysteresis at temperatures up to 1800°F is
negligible for small full scale deflections.
2. The increase in full scale deflection with temper-
ature generally follows the predicted change based
on literature values of Young's modulus.
3. The zero shift resulting from 200 percent over-
pressure for 2 hours at 1800°F was found to be
acceptable for the FS-85, T-222, and W-25Re cap-
sules.
4. The zero shift data taken during the final time
test period showed that the W-25Re capsule was
the most stable.
5. Additional pressure cycling at 1800°F will be
required before the evaluation of the test
capsules can be completed.
-5-
3.1 Test Procedure
The deflection measurements using optical means has given
results of pressure capsule behavior. The information
included
1. capsule pressure-deflection characteristics as func-
tions of temperature,
2. capsule creep characteristics when subjected to full-
scale pressurization for periods up to 22 hours at
1800°F and
3. capsule overpressure characteristics for 2 hour
periods at 1800°F.
The procedure developed to obtain this information
involves the following steps:
i. Perform pressure-deflection calibration runs at
room temperature, 500, I000, 1200, 1400, 1600 and
1800°F.
2. Maintain full scale deflection and 1800°F for a
period of 20 hours. Measure the full scale and
zero pressure separations every 6 to 7 hours.
Calculate the full scale deflections and zero
shifts.
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3. Perform pressure-deflection calibration runs at
500, 1400 and 1800°F.
4. Apply overpressure to 200 percent maximum deflec-
tion (or until the diaphragm is close to the
mechanical stop) at 1800°F for a 2 hour period.
Measure the full scale and zero pressure separ-
ations every hour. Calculate the full scale
deflections and zero shifts.
5. Perform pressure-deflection calibration runs at
500, 1400 and 1800°F.
6. Maintain full scale deflection and 1800°F for a
6 hour period. Measure the full scale and zero
pressure separations every 3 hours. Calculate
the full scale deflections and zero shifts.
The term "zero pressure separation" refers to the
distance between two markings, one on the capsule
projection tip and the other on the capsule deflec-
tion yoke (see Figure 26, Reference 3), under condi-
tions of zero psia capsule pressurization. When full-
scale pressure is applied to the capsule, the distance
between the same two markings is termed the "full
scale separation". The "full scale deflection" is
-7-
obtained by subtracting the full scale separation from
the zero pressure separation. "Zero shift" refers to
a change in value of the zero pressure separation.
A chronological representation of the test procedure
is shown in Figure i. Points at which full scale and
zero pressure separations are measured along with
total operation time and time at 1800°F are indicated.
Variables in the procedure include the length of time
of the sustained full scale pressure test (shown as
22 hours in Figure i) and the overpressurization value
used. The zero pressure separation reading after the
first 6 to 7 hours of the sustained pressure test was
not normally taken. Each pressure-deflection calibra-
tion test required about 2 hours; the pressure capsule
experienced about 56 hours of total operation, 36 hours
of which were at 1800°F. The capsule underwent a total
of 13 full-scale pressure cycling tests at various
ambient temperatures. In addition, three 1800°F time
tests were included in the test procedure; 22 hours
at 100 percent pressure, 2 hours at 200 percent over-
pressure, and a final 6 hour test at i00 percent pressure.
-8-
The instrumentation has been fully discussed in the past
quarterly reports (References l, 2, 3) and employs a 40X
magnification binocular microscope through which photo-
graphs are taken on glass metallographic plates. Separa-
tion readings are then taken from the developed plates
using a shadowgraph instrument. This system has exhibited
accuracies better than ±20 microinches (±2 percent referred
to a full scale deflection of O.OO1 inch).
-9-
3.2 Test Results
A complete set of pressure-deflection-temperature tests
have been conducted on the four candidate pressure dia-
phragm materials (C-129Y, FS-85, T-222, W-25Re). To
investigate fully the high temperature stress effects,
full scale deflection values were selected which are
realistic for transducer operation. In addition, both
single and double convolution capsules were included
in the test program.
A complete listing of the test capsules, the applicable
full scale deflection parameters and the chronological
order in which the deflection tests were performed is
given in Table 1. The maximum deflection values of
0.0006 and 0.001 inch for single convolution capsules
correspond to values of 0.001 and 0.0017 inch respec-
tively for double convolution capsules (see Appendix
B).
Figures 2 through 76 present the complete series of
pressure-deflection-temperature data as scheduled in
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Information of interest which can be derived from these
data as a function of operating temperature include
linearity, hysteresis, zero shift and Young's modulus.
A straight line has been drawn close to the experimental
points of each set of capsule data plots (Figures 2 to
76) to assist in the evaluation of the capsule linearity
and hysteresis. Using the line as drawn on each figure,
it will be noted that the linearity error is not appar-
ent but as the operating temperature increases the
hysteresis errors become more pronounced. The inability
to discern the linearity error demonstrates that the
capsule linearity error is smaller than the optical
measurement system error. To simplify the problem
of data evaluation, the linearity and hysteresis errors
have been combined into a single term called "linearity-
hysteresis error".
The linearity-hysteresis error is established by deter-
mining the deviation of the individual data points
from the straight line and calculating the error in
percent of full scale deflection at the operating
temperature.
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The maximum error value for each capsule test has been
tabulated in Table 1. The test data contains some
points which are grossly different from the general
hysteresis pattern for a particular test. In these
instances, the maximum values representative of the
data pattern were selected for use in Table 1. There
are six values of this type identified in the table
by note (b).
The purpose of Table 1 is to make possible the selec-
tion of the deflection limit for a particular candi-
date alloy when used as a pressure capsule. Table 1
also lists this deflection limit in terms of allow-
able operating temperature for each capsule tested.
The selection is based on the last temperature test
condition for which there is no noticeable increase
in the linearity-hysteresis error. Using the C-129Y
capsules as an example, it will be noted that for a
single convolution capsule with 0.0006 inch full scale
deflection there is no appreciable increase in the
linearity-hysteresis error from 1000°F to 1800°F. When
the full scale deflection is increased to 0.001 inch,
the linearity-hysteresis error rises sharply between
1600°F and 1800°F.
-13-
For the C-129Y double convolution capsule with 0.002
inch full scale deflection, the change occurs between
1400°F and 1600°F. This information can be used to
compute the maximum allowable operating stress for
new capsule designs to assure that linearity-hysteresis
will be small at the desired operating temperature.
Each material has been operated at a stress level low
enough to minimize the linearity-hysteresis error at
1800°F. The W-25Re capsule has shown the best range
of useful operating conditions.
Tables 2, 3, 4 and 5 present the zero shift and full
scale data scheduled by Figure 1 (see time scale b)
at nominal times 2 to 24, 26 to 28, and 30 to 36.
All data for this portion of the evaluation are at
1800°F. The purpose of the first time period (2 to
24 hours) was to provide a limited amount of pressure
cycling and operating time at temperature to stabi-
lize the performance of the pressure capsule before
subjecting it to the 200 percent overpressure test
(26 to 28) and the final time test for creep at
full pressure and temperature (30 to 36).
-14-











i_ _ _ _l "l _l
• _I1: ,_ v _,
!! -
_m,a " _ _ _
,-4
00_ _
°_ _ _ _L_I_
V













































































_0 _1 _ 0
,,_qr+,q_
0 • _ -,'_
A A
4._ I__ O_ _-q Cq























•_ ¢_ 0 _
_0 O_
O0_.Q_



































































































The double convolution W-25Re capsule operated at 0.002
inch full scale deflection demonstrated repeatability
close to that which can be obtained by the optical meas-
uring system (see Table 5). These creep values of less
than about 4 percent for a six hour period hold promise
that a transducer can be built which will meet the
desired long time stability requirements. The data
for W-25Re at 0.001 inch full scale deflection seems
to indicate that more pressure cycling at temperature
is required to stabilize the capsule before the final
creep data are taken. The 0.004 inch full scale deflec-
tion data show that this deflection generates higher
stress than can be allowed for long term stability.
The T-222 pressure capsule data presented in Table 4
show the need for more capsule pressure cycling.
This need is exemplified by the negative zero shifts
typical for the T-222 capsule. After additional pres-
sure cycling, T-222 may be a useful capsule material.
Table 3 presents the data for the FS-85 capsule.
This data and that of Table 2 for C-129Y also show the
-19-
need for more pressure cycling at temperature. Figures
77 and 78 are presented to show the decrease in hystere-
sis with increased pressure cycling, which indicates
that stabilization is taking place in both the C-129Y
and FS-85 capsules during the pressure cycling of the
final test (30 to 36 hours). Data taken at consecutive
times are identified by letters A through H. The cap-
sule achieves a considerably smaller hysteresis loop
with each successive pressure cycle. Thus, after
only one cycle the zero shift of the C-129Y capsule
is reduced from 26.4 percent to 13.6 percent. Simi-
larly, the lull scale deilection creep is reduced from
54.6 percent to 13.8 percent. Comparable results have
been measured for the FS-85 capsules. From Figure 78,
the values are 21.1 percent full scale deflection
creep in the first three hours and 7.6 percent in
the second three hours. The zero shift in the first
three hours is 12 percent of full scale as compared
to only 0.8 percent in the second three hours. It is
reasonable to expect that this trend will continue.
Future testing will include an extended pressure
cycling period before additional data are used to
evaluate these two materials for pressure capsule
application.
-20-
The influence of temperature on full scale deflection
is presented in Figures 79 to 82. The measured deflec-
tion indicated in percent of full scale deflection is
compared in each of the graphs with the predicted per-
cent of full scale deflection based on the change in
Young's modulus with temperature. These data seem to
show similar trends to that shown by the hysteresis and
zero shift data previously discussed. In Figures 79
and 80, the measured values compare closely to the
Young's modulus values up to about 1400°F. From Table
1, these same capsules showed a small change in hys-
teresis at a temperature of 1600°F and a large increase
at 1800°F. Figure 81 for the T-222 material indicates
that the material has not been fully stabilized as was
also shown by the zero shift and full scale deflection-
time data in Table 1. Figure 82 indicates a slightly
larger change in Young's modulus for the capsule mate-
rial than that used for the calculated curve.
The data obtained by the optical system have been
accurate to approximately one to four percent for
full scale deflections of 0.004 to 0.0006 inch respec-
tively. The capsule data presented have shown the need
-21-
to operate at deflections of 0.0006 to 0.002 inch for
which the optical measurement uncertainties are greatest.
Also, the lack of continuous readings and the long time
interval between taking the photographs and obtaining
the deflection readings have created many problems.
Since the data obtained have definitely established
the basic limitations of each of the candidate mate-
rials, it seems advisable to obtain further capsule
pressure-deflection data by using the diode sensor
for deflection measurements (see Section 4.1).
-22-
4.0 Thermionic Diode Sensor
Further tests were conducted on the thermionic diode
sensor described in the Third Quarterly Report (Refer-
ence 3). The results, shown in Figure 83, were obtained
by measuring directly the difference, (ia - ir), between
the active collector current and the reference collector
current, with an active collector travel of 0.001 inch.
Linearity was attained within a maximum deviation of
±1.5 percent of full scale.
Figure 84 shows the test circuitry employing precision
resistors of 1 ± 0.001 ohm and a digital voltmeter
of ±0.i millivolt accuracy which was used to obtain the
calibration curves of Figure 83. The numbered positions
of Figure 84 indicate the voltmeter connections. The
parameters read using various combinations of these con-
nections are:
Voltmeter Connections Reading
1 - 2 i a
1 - 3 i r
4 - 5 (i a + ir)
3 - 2 (ia - Jr)
1 - 5 V
-23-
4.1 Thermionic Pressure Transducer
A preliminary design has been made for a complete pres-
sure transducer incorporating a double convolution pres-
sure capsule and a thermionic diode sensor. A sketch
of the device is shown in Figure 85.
The unit is initially assembled without the protective
cover assembly. The encapsulated heater assembly is
mounted on posts which are part of the ceramic (Luca-
lox) base, thereby establishing a fixed emitter-reference
collector distance (Figure 86). The emitter-ceramic
assembly is then mounted in the housing using the
adjusting ring for alignment purposes. After bake-out
and emitter-activation, the pinch-off tube is closed
to maintain vacuum conditions in the thermionic section
of the transducer and the adjusting ring can be used
for alignment of emitter-active collector distance.
To maintain this alignment and distance during opera-
tion, the protective cover assembly is provided. The
electrical connections are brought out through a second
ceramic assembly.
-24-
The seal between the adjusting ring and the encapsulated
heater-ceramic assembly is of importance. The seal must
not only provide a vacuum-tight connection to assure
proper operation of the thermionic sensor but it must
also provide a back-up liquid metal seal in the event
of rupture of the diaphragm.
The main problem areas appear to be:
1. fabrication of the encapsulated heater assembly,
2. development of the metal-ceramic technology neces-
sary to obtain the required seal integrity and
3. establishment of the fabrication procedures neces-
sary to construct the finished transducer.
The first experiment will concentrate on the heater
assembly mounted on its ceramic base. The ceramic
base will be brazed into a Cb-lZr support plate and
the entire assembly installed in the micrometer head
fixture described in the Third Quarterly Report (Ref-
erence 3). The fixture allows controlled movement of
a simulated active collector. This test will provide
experience in construction of the encapsulated heater
-25-
iassembly, mounting of the heater assembly on the ceramic
base, and brazing of the ceramic base to the support
plates. In addition, it will permit further checking of
the linearity and time-temperature stability of the
thermionic sensor. The tests will be conducted at var-
ious ambient chamber temperatures to ascertain require-
ments for temperature compensation.
The second experiment will be done with the pressure
capsule. One of the capsules tested in the program
and reported on in Section 3.2 will be used for this
purpose. An active collector will be mounted inside
the capsule and the capsule installed in a housing
similar to that shown in Figure 85. It appears that
introduction of the adjusting ring shown in Figure 85
would be premature at this stage. Since the device
will be operated in the Vacuum Test Facility, it will
not be necessary to maintain vacuum conditions in the
thermionic sensor region by use of the vacuum-tight
seal between the adjusting ring and the ceramic base.
Therefore, the mounting plate approach employed in the
-26-
first test device will be used to establish the emitter-
active collector distance. It is this second device
which will provide the means of obtaining further capsule
deflection data.
-27-
5.0 Metal-Ceran, ic Seal Tests
One of the main problems in the development of the ther-
mionic transducer is the development of metal-ceramic
seals capable of maintaining vacuum integrity under high-
temperature liquid metal attack.
A life test is presently in progress to evaluate the
metal-ceramic joining technique planned for use in the
transducer. The test sample (Figure 87) contains seals
between Lucalox and Nb-lZr. The Lucalox is metallized
with a tungsten-yttria compound and a niobium/nickel/
titanium braze material is used. Pressure tests are
being performed at 1800°F. The chronology of testing
is as follows.
lO00 hours at 500 psia, 1800°F
lO0 hours at 600 psia, 1800°F
100 hours at 700 psia, 1800°F
lO0 hours at 800 psia, 1800°F
lO0 hours at 900 psia, 1800°F
lO00 hours at 1000 psia, 1800°F (in progress)
No electrical breakdown or mechanical failure (leakage)
-28-
has been observed. At the conclusion of the present test
series, it is planned to conduct similar tests at higher
temperature (_ 2200°F).
-29-
6.0 Compatibility Test Program
Four single convolution test capsules of C-129Y, FS-85,
T-222 and W-25Re alloy and one test capsule containing
four representative electrical terminals have been
fabricated and are being charged with liquid potassium.
The design configurations are described in the Third
Quarterly Report (Reference 3).
Performing individual compatibility tests on each cap-
sule would occupy the Vacuum Test Facility a dispropor-
tionate amount of time; therefore, work is progressing
on the design of a compatibility test chamber to hold
all capsules at the same time. The chamber will have
a separate pumping system. In design, the chamber will
be similar to the chambers now in operation on the
Vacuum Test Facility. Cylindrical strip heaters, with
shielding, will be suspended in the chamber and cooling
water coils will be used around the outside. Plans
call for testing the capsules at 1800°F, which would
establish a potassium vapor pressure of about 80 psia.
Thermocouples will be used to monitor the temperature
-30-
of the potassium liquid-vapor interface. The temperature
of the test capsules will be monitored by optical pyrometry
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RATIO OF BOSS RADIUS TO PLATE RADIWS
FIGURE 88
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Thermionic active collector current
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Reciprocal of Poisson's ratio
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EQUIVALENCE BETWEEN SINGLE AND DOUBLE CONVOLUTION CAPSULES
Roark (Reference 4) presents the following expression for
the maximum deflection of a flat plate diaphragm with a
central boss. The outer edge is fixed and supported and
there is a uniform load over the entire actual surface.
3w(m2-1) [a 4 + 3b 4 4a2b 2
Y- 16m2Et 3 k
16a2b 4 a 2 I
- •
where y _ maximum deflection of plate (inch)
w : uniform applied load (psi)
m = reciprocal of Poisson's ratio
E _ modulus of elasticity
t -- thickness of plate (inch)
a _ radius of plate (inch)
b _ radius of central boss (inch)
(BI)
If the relative stiffness of a diaphragm is defined as
the ratio of the deflection of the diaphragm without a
boss (b = o) to the deflection of the diaphragm with a
boss, application of Equation B1 results in the data
presented in Figure 88. The relative stiffness is
plotted as a function of the ratio of the boss radius
to the plate radius (_/"_u/aj. m_.,,. h_r___ ......the boss relative
to the disk diameter, the greater the relative stiffness.
-123-
Applying this analysis to the ring/disc machined diaphragm
capsule as used in this program the relative stiffness of
the ring member (a = 1.04 inch, b = 0.33 inch) is 2.48;
the relative stiffness of the disc member (a = 1.04 inch,
b = 0.16 inch) is 1.30. Therefore, for a given applied
force, the disc will deflect 2.48/1.30 = 1.91 times as
much as the ring member. (See Figure 89.)
The deflections of the single convolution (I ring, 1
disc) and double convolution (3 rings, 1 disc) capsules
may be compared by normalizing the ring deflection to
a value of 1.0. The disc deflection is therefore 1.91.
The total normalized deflection for the single convolu-
tion capsule is
I (i.0) + I (1.91) = 2.91
The total normalized deflection for the double convolu-
tion capsule is
3 (1.0) + 1 (1.91) - 4.91
The relative deflection of the single convolution capsule
to the double convolution capsule is
2.91/4.91 = 0.593 _ 0.6
-124-
Therefore, a 0.001 inch maximum deflection test on a
double convolution capsule is equivalent to testing a
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